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Introduction
Wolbachia releases are being undertaken in Aedes aegypti populations both for replacing existing populations with mosquitoes that have a reduced ability to transmit dengue (1, 2) and other arboviruses, and for suppressing mosquito populations directly due to sterility generated by males infected with Wolbachia (3). A challenge in implementing Wolbachia-based strategies is that a high level of quality control is required for release success. This includes ensuring that source mosquito cultures used for releases remain infected by Wolbachia. It is also important to track infection status in release areas (particularly with releases aimed at replacing existing populations by Wolbachia-infected populations) given that not all releases are successful and periodic interventions may be needed for others (4, 5) . Successful replacement is dependent on Wolbachia frequencies in populations exceeding an unstable equilibrium point (2) and potential spread from a release site (6) .
Wolbachia monitoring has been undertaken with a variety of approaches including staining, electron microscopy and PCR with Wolbachia-specific primers. For releases where high throughput is desirable, Wolbachia detection is currently achieved through qPCR fluorescence-based approaches such as RT/HRM (real time PCR/high resolution melt) such as described by Lee et al. (7) which achieves relative quantification of Wolbachia on a Roche 480 LightCycler® system allowing samples to be scored in 384-well plates. While this method is efficient and can be used to detect multiple Wolbachia strains along with identification of mosquito vectors of disease, it requires expertise and laboratory facilities that are well beyond what is readily available in many developing nations. Each assay also requires a substantial amount of time (around 1.5 h until results are available) as well as a dedicated qPCR machine.
Loop-mediated isothermal amplification (LAMP) is a powerful DNA amplification technique, enabling the detection of trace elements of DNA with high rapidity, sensitivity and accuracy (8) . It involves isothermal amplification through the interaction of four to six primers with up to eight target sites. When combined with a polymerase with high displacement activity, two outer primers assist two compound inner primers to form alternating loop structures within the DNA, providing self-primed single-stranded substrates for further inner primer interaction and replication. This process can be further accelerated by the addition of loop primers also targeted to the exposed single-stranded region of the loop (9) . This technique has found widespread application primarily in the diagnosis and monitoring of infectious diseases such as malaria (10, 11) , West Nile virus (12, 13) and dengue (14) .
LAMP has also been applied in other contexts including agriculture, quarantine, forensics, and environmental monitoring through DNA (15) . In all these contexts, the LAMP technique allows for fast and accurate assays that can be deployed with equivalent sensitivity to traditional PCR methods, but often with much cheaper costs and less technically-demanding deployment -ideal for field contexts and settings where laboratory expertise is limited.
Three LAMP assays have thus far been published for Wolbachia monitoring (16) (17) (18) . Gonçalves et al. (2014) targeted Wolbachia's 16S ribosomal protein sequence, and amplified Wolbachia across multiple strains, including wAlbB, wMel, and wMelPop. A study applying this assay to field samples in Malaysia found that it compared favourably with a standard PCR method for Wolbachia detection in Ae. albopictus mosquitoes, detecting a higher infected rate than observed with PCR (19) . However, it should be noted that this study used an experimental design that did not include the loop primers, which Gonçalves et al. (2014) consider essential to ensure specificity of the assay.
A third Wolbachia paper using LAMP (18) independently targeted the 16S ribosomal protein sequence. As in the above Wolbachia assay (16), a range of Wolbachia strains were targeted and detected in Ae. albopictus and aegypti. However, an additional assay was also developed specific to wAlbB (ordinarily present within Ae. albopictus) and wPip strain Wolbachia surface proteins (wsp) (17) . This assay originally involved one loop primer and a specific detection method with an additional oligomeric probe designed for presence/absence discrimination of fluorescence by eye. The specific nature of this assay makes it a promising target for adaptation to monitor Ae. aegypti populations transinfected with wAlbB for disease control.
One important development of LAMP techniques has been to quantitatively assess targets (qLAMP) (20) . These developments have led to stable linear determinations of products across as many as nine orders of magnitude concentration over a wide range of human and agricultural pathogens (20) (21) (22) (23) . Such quantitative assessments could be useful for Wolbachia monitoring, because a key feature of release success is the frequency of the endosymbiont in field populations. Currently in releases, the Wolbachia status of hundreds of mosquitoes is 5 determined at a centralized facility using expensive equipment (2, 6) . In contrast, qLAMP conducted on pools of mosquitoes has the potential to provide rapid and cost-effective 
Methods

Aedes aegypti samples
Laboratory colonies
Aedes aegypti were primarily derived from three laboratory colonies: (a) a wAlbB-infected colony with a wAlbB strain originating from Aedes albopictus (25), (b) an uninfected colony originating from wild populations in Cairns, Australia, and (c) a wMel-infected colony with a wMel strain originating from D. melanogaster (26) . The three laboratory colonies of Ae.
aegypti were crossed to mosquitoes of a common Australian background reared in an identical manner to each other, i.e. at 26°C with food provided ad libitum. Adults were sacrificed and stored in absolute ethanol before DNA extraction.
Alternate rearing and storage conditions
Aedes aegypti are exposed to a range of environmental conditions in nature, including heat stress and resource competition, which can produce adults of various sizes and with different Wolbachia loads (27) . We altered rearing conditions to simulate several scenarios affecting size and Wolbachia density. Small wAlbB-infected adults were produced according to Callahan et al. (28) by providing larvae with food ad libitum for 3 d and then depriving larvae of food until adulthood. Heat-stressed adults were generated according to Ross et al. (27) by holding eggs at a cyclical temperature regime of 30-40°C for one week. Eggs were then hatched and reared under standard conditions to produce adults with a reduced Wolbachia density. Field-collected adults are of variable age and may have taken a blood meal; we therefore tested 30 d old adults and 7 d old females that were stored in absolute ethanol at -20°C either immediately or 24 h after feeding on a human volunteer. Six mosquitoes were tested per treatment for these experiments.
We additionally tested the ability of the LAMP assay to detect wAlbB when mosquitoes were stored under suboptimal conditions that may be experienced during field sampling. wAlbBinfected adults reared in the laboratory were killed by shaking and stored for 1, 2, 3, 5, 10, 20 and 30 d at 26°C or for 10 d at 37°C in open air before storage in absolute ethanol at -20°C.
Dead wAlbB-infected adults were also stored in water at 26°C for 3 d before transfer to ethanol and -20°C -simulating adults found floating in ovitraps as part of field collections. 
Malaysian field samples
DNA extraction
For most experiments, individual mosquitoes were extracted by placing them in 200 µL of 0.3 M KOH and incubating tubes at 95°C for five minutes. This is the KOH concentration recommended for GeneWorks' Lyse&Lamp reaction buffer for use on the Genie® III.
For pooled extractions, the quantity of KOH was increased -thus, a pool of 99 uninfected and one wAlbB-infected Ae. aegypti was extracted in 9 mL 0.3 M KOH, with aliquots taken before (i.e. negative control) and after the addition of the lone infected mosquito. 
LAMP assays
LAMP primers for the wAlbB wsp sequence were derived from Bhadra et al. (17) . However, their OSD probe for wsp was replaced by an additional loop primer to increase detection speed (see Supplementary Table 1 ). LAMP primers for the Ae. aegypti ITS1 gene were taken from Schenkel et al. (24) . Primers were manufactured according to our specifications by Reactions were incubated at 65°C for 20-30 minutes. The Genie® III machine maintains realtime fluorescence detection throughout the incubation. Following amplification, an annealing curve analysis was conducted by reducing temperature by increments from 97 to 78°C in order to confirm the specificity of the amplified products.
Quantitative validation & frequency curves
To evaluate the quantitative efficacy of the LAMP primers, three wAlbB-infected Ae. aegypti KOH DNA extractions were first quantified using a Qubit 2.0 fluorometer (Thermo Fisher Scientific), then diluted up to 5,000-fold to form a standard concentration curve for estimating the concentration of the products of the Ae. aegypti ITS1 and wAlbB wsp LAMP 9 primer sets. LAMP reactions were then run across this curve for both wAlbB and Ae. aegypti primer sets, comparing peak amplification time (Tp, min) with the log of relative concentration. Following visual inspection, regressions were carried out over the linear sections of that curve using the R function lm.
To investigate the ability of qLAMP to detect the relative frequencies of wAlbB-infected LAMP reactions targeting both wAlbB wsp and Ae. aegypti ITS1 regions were then run on these pools, using the previously described concentration regressions to derive relative concentrations of Wolbachia and Ae. aegypti DNA for each pool. The wAlbB wsp concentrations were then adjusted for overall mosquito DNA concentration based on Ae.
aegypti ITS1 results -i.e. through calculating the ratio of Wolbachia concentration to Ae. aegypti concentration. Visual inspection and regressions were performed on the resulting frequency estimates, testing for goodness of fit with the known frequencies within each sample. Tp values ranging between 7 and 12 minutes over a 5,000-fold concentration gradient ( Figure   S1B ). This primer was sensitive enough to detect the presence of wAlbB-infection in a 5,000fold dilution of a KOH-extracted DNA from an Ae. aegypti individual, as well as to detect a single wAlbB-infected Ae. aegypti among 99 uninfected mosquitoes. To investigate the specificity of the modified wAlbB wsp LAMP primers, we challenged them with wMelinfected Ae. aegypti. No amplification was seen over a 30-min period.
Results and Discussion
Primer validation and characterization
When compared with the original 5-primer wAlbB wsp LAMP assay (17) , the modified 6primer assay was substantially faster (compare the concentration curve for 5-primer LAMP in Figure 1B with the curve for 6-primer (modified) LAMP in Figure S1B ). This is expressed by a five-minute difference in intercept values for the respective regressions. The LAMP primer set we have developed thus represents a rapid, specific, and highly sensitive assay for wAlbB detection in Ae. aegypti mosquitoes.
Development of qLAMP for wAlbB in Ae. aegypti;
Following KOH extractions, resulting DNA concentrations of three wAlbB individuals were first quantified using Qubit, then the samples were diluted up to 5,000-fold to form a standard concentration curve for measuring the Ae. aegypti ITS1 & wAlbB wsp LAMP primer sets.
Concentration was highly correlated with amplification time under 6-primer conditions for each assay ( Figure S1 ); however, for highly precise quantitation these reactions were deemed too fast for the 15-second Tp resolution of the current Genie® III software. Accordingly, we repeated the curves on 5-primer LAMP sets, i.e. where the forward loop primer of each group had been removed (Figure 1) .
A regression of 5-Primer Ae. aegypti ITS1 Tp against the natural logarithm of overall DNA concentration was found to be highly significant (p=1. 
Application of qLAMP to pooled DNA
The association of wAlbB wsp to Ae. aegypti ITS1 concentration ratios to known frequency of the infection in DNA from pools of 20 mosquitoes is shown in Figure 2 . 14 The regression was highly significant (p=1.10e-06) with a regression coefficient of 0.0377 (S.E. 0.0053) and an adjusted R 2 of 0.7098 -higher than the R 2 of 0.6091 for a regression of wAlbB concentration alone. These patterns suggest that the approach is sufficient for differentiation of Ae. aegypti with low, medium, or high wAlbB infection frequency.
The wAlbB wsp LAMP primers were also effective in detecting individuals in large pools; a single infected mosquito amongst 99 uninfected was readily detectable with a Tp of 10 minutes -well within the quantitative bounds for this primer set (see Figure S1B) 
Effectiveness under conditions of stress or poor storage
The wAlbB infection was readily detected when dead mosquitoes were stored in air for up to 30 d at 26°C and 10 d at 37°C. Rapid amplification times were obtained for all storage conditions, though times for adults stored in water for 3 d were somewhat impacted ( Figure   3A ). Reliable detection of wAlbB was also achieved for adults that were aged, blood-fed, heat stressed or nutritionally stressed during development ( Figure 3B ). The LAMP assay we have developed is therefore robust to both poor storage conditions and low titre of Wolbachia. These features are valuable for field contexts such as the continued monitoring of Wolbachia releases, as the assay will reliably detect infections in low-titre situations and cope well with samples that have undergone degradation before DNA extraction. Our results suggest wAlbB will still be detectable where mosquito bodies have dried out in traps for extended periods (common in adult traps) or where they have been floating in water for some time (common in ovitraps). have occurred -were scored as uninfected, failing to amplify under LAMP conditions. All results were consistent with those of the qPCR assays (Table 1) . 
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